Introduction
Rare gases mainly referring to helium, neon, argon, krypton, xenon, and radon are group zero elements with characteristics of inactive chemical properties, small resistance, heat conductivity coefficient, easy luminescence, and low melting, boiling, and solubility, and so on. Although rare gases have extremely low abundance in nature, their distinctive physical and chemical properties can be used for tracing formation and evaluation processes of geological bodies ( [1] ; Xu et al., 1994 ; [2] [3] [4] [5] [6] [7] [8] [9] ; Xu, 1996 ; [10] [11] [12] [13] [14] [15] [16] [17] ). It is considered as one of the most important hotspots and leading frontiers in geosciences. The molecular and isotopic compositions of rare gases in natural gases can provide a lot of useful geochemical and geological information. They have extensive prospects on studies of gas genesis, migration, origination, deep mantled fluid action, volcanic moment, and earthquake activities ( [1] ; Xu et al., 1994 ; [5] ; Liu and Xu, 1987 ; [18, 19] ; Xu, 1996 ; [15] [16] [17] [20] [21] [22] [23] [24] ). Because Rn is a radioactive element, the rare gas studies on oil and gas geology usually include helium, neon, argon, krypton, and xenon.
Sited in the north of the Tarim Basin, the Kuche Depression is one of the most important gas-bearing and exploration areas with the highest gas reserves. Many giant gas fields have been found in the Kulasu and Qiulitage tectonic belts such as the Kela2, Dina2, Dabei, Keshen2, and Keshen8 gas fields, showing huge gas resource potential and prospect for further exploration. Presently, many researchers in China have carried out a lot of studies and discussions on gas geochemical characteristics, genetic identifications, and gas originations, as well as mechanisms of gas reservoir forming and accumulation in the Kuche Depression ( [25] [26] [27] [28] [29] [30] [31] [32] [33] ; Li et al., 2018) . However, geochemical characteristics of rare gases of the whole Kuche Depression have never been comprehensively and comparatively studied. By means of geochemical analyses and comprehensive geological studies, molecular and isotopic compositions of rare gases in the Kela2, Dabei, Dina2, and Keshen gas fields from the Kuche Depression as well as the Akemomu gas field from the Southwestern Depression are comparatively clarified firstly, then their genetic types are identified and finally gas originations are comprehensively discussed.
Geological Setting
The Tarim Basin is one of the three biggest cratonic and foreland superimposed basins and the largest petroliferous basin in China. It can be divided into Tabei, Tazhong, and Ta'nan uplifts, as well as Kuche, Northern, Southwestern, and Southeastern Depressions generally [34, 35] . The Kuche Depression is a Mesozoic and Cenozoic foreland basin, having northern monocline, southern gentle anticline, Qiulitake anticline, and Kelasu and Yiqikelike tectonic belts as well as Baicheng, Yangxia, and Wushi sags. The Kelasu tectonic belt is divided into Kela and Kelasu subsalt deep layers from north to south and 5 segments from west to east [26, 29] . The Kuche Depression has the most gas resource potential in the Tarim Basin, and many other large gas fields with gas reserve beyond 100 billion cubic meters have been found in recent two decades ( Figure 1 T a 'n a n u p li ft S o u th e a s te r n D e p r e s s io n A e r ji n g m o u n ta in Figure 1: Gas field distribution and structural unit divisions of the Kuche and Southwestern Depressions, Tarim Basin (modified from [25] ).
Geofluids
Jidike formation (N 1 j), Kangcun formation (N 1-2 k), and Kuche formation (N 2 k) of Neogene, Quaternary ( Figure 1 [28, 30, 33] . For comparing these gas fields from the Kuche Depression, the Akemomu gas field and the Tazhong I oil and gas field in the Tarim Basin as well as the Xushen and Changshen gas fields in the Songliao Basin are adopted. The Tazhong I oil and gas field is in the Tazhong low uplift of central uplift and has nearly 300 million tons of proven oil and gas reserves equivalent in platform margin reef-bank complex carbonate of Ordovician (Wang et al., 2011; Yang et al., 2011) . Natural gases in the Tazhong I oil and gas field are oil-typed gas and mainly originated from marine sapropelic source rocks of Cambrian-Ordovician. The Akemomu gas field is located in the Southwestern Depression and natural gases are typical coal-formed gas. The Songliao Basin is located in northeast China and has an area of about 26 × 10 4 km 2 . It is a Mesozoic and Cenozoic sedimentary basin with fault and depression dual structures which was developed on late Paleozoic basement. The Xusheng gas field is located in the Xujiaweizi fault depression, and the main gas reservoir is volcanic rock of the Yingcheng formation in Cretaceous. The Changshen gas field is located in the Changling fault depression, and the main reservoir is volcanic rock of the Yingcheng formation and clastic rock of the Denglouku formation in Cretaceous. Natural gases in the Changshen and Xushen gas fields are mixed gases of organic coal-derived gas and deep inorganic gas [25] .
Materials and Methods
A total of 21 gas samples including 19 from the Kela2, Dina2, Dabei, and Keshen gas fields in the Kuche Depression, as well as 2 from the Akemomu gas field in the Southwestern Depression, were specially selected and comprehensively studied, of which 8 were newly analyzed and 13 were collected from the author's previous researches. The relevant geochemical experimental analyses are completed in the Key Laboratory of Gas Reservoir Formation and Development of CNPC.
Conventional gas components were determined on an Agilent 6890N gas chromatograph (GC) equipped with a thermal conductivity detector (TCD), using helium as the carrier gas; a 30 m × 0 32 mm × 20 μm PLOT Q or a 30 m × 0 53 mm × 25 μm PLOT 5A MS column was used. The stable carbon isotopic compositions of natural gases were determined on a Delta plus isotopic mass spectrometer equipped with an Agilent 6890N GC. Gas components were separated by gas chromatography, converted to CO 2 in a combustion interface, and then injected into the mass spectrometer. Gas samples were analyzed and the stable carbon isotopic values are reported in conventional δ notation in per mil (‰) relative to Vienna Pee Dee Belemnite (VPDB) standards. The reproducibility and accuracy are estimated to be ±0.5‰ with respect to the VPDB standard.
Molecular composition abundances and isotopic compositions of rare gases were measured in the Key Laboratory of Gas Reservoir Formation and Development of CNPC. In order to reduce impacts of rare gases in the air on sampling and experimentation and obtain correct rare gas analyzed results, some special gas sample collecting methods were adopted [23] . The detailed analytic processes were listed as follows [15, 23] . (1) A natural gas cylinder was connected to the injection port of the device through a pressure relief valve, and a mechanical pump, a molecular pump, and an ion pump were utilized to obtain low, high, and ultrahigh vacuum for the stainless steel pipeline separately. (2) The amount of natural gases was controlled by the sample injection control valve and vacuum gauge. (3) The active gases such as hydrocarbon gases, nitrogen (N 2 ), oxygen (O 2 ), carbon dioxide (CO 2 ), hydrogen sulfide (H 2 S), and trace hydrogen gas (H 2 ) were purified by a zirconium base furnace, and an aspirator pump was used to enrich rare gases further. (4) The molecular composition abundances of rare gases were measured after purification. (5) Furthermore, a cryogenic pump, an activated carbon furnace, and liquid nitrogen were used to separate the components of helium (He), neon (Ne), argon (Ar), krypton (Kr), and xenon (Xe) according to different boiling points of different rare gases. (6) Finally, the separated rare gases were sent into rare gas isotope mass spectrometer to determine their isotopic compositions by method of peak height ratio on ion current signal intensity. The accuracies of molecular composition abundances of rare gases helium, neon, argon, krypton, and xenon were estimated to be ±3.36%, ±3.66%, ±1.32%, ±2.99%, and ±6.96% [23] , and the accuracies of isotopic compositions of rare gases 3 
Results and Discussion
4.1. Molecular Compositions of Hydrocarbon, Nonhydrocarbon, and Rare Gases. Natural gases in the Kela2, Dabei, Dina2, and Keshen gas fields from the Kuche Depression have high and wide-ranging methane abundance, mainly ranging from 87.3% to 98.4% (average is 95.52%). The abundances of C 1-4 distribute around 97.03%~99.26% (average is 98.51%) and the drying coefficient (C 1 /C 1+ ) is in the range of 0.892~0.995 (average is 0.972). The abundance of N 2 ranges from 0.36% to 1.67% (average is 0.74%), and CO 2 ranges around 0.05%~1.42% (average is 0.70%), excluding H 2 S. On the contrary, natural gases in the Akemomu gas field from the Southwestern Depression have a relatively 3 Geofluids low average methane abundance of 80.95% with high average carbon dioxide and nitrogen abundances of 10.75% and 8.11% separately and a high average drying coefficient of 0.997.
Compared to hydrocarbon and nonhydrocarbon gases, rare gas abundance in natural gases is extremely low. The general geochemical characteristics of each rare gas are as follows ( Figures 2 and 3 and Table 1) . (1) The helium abundance in gas fields from the Kuche Depression mainly distributes around 32~60 × 10 −6 (average is 49 × 10 −6 ), while it ranges around 1042~1062 × 10 −6 (average is 1054 × 10 −6 ) in the Akemomu gas field from the Southwestern Depression. (2) The neon abundance mainly distributes around 1 18~3 34 × 10 −6 (average is 1 76 × 10 −6 ) in the former and about 10 26~10 96 × 10 −6 (average is 10 608 × 10 −6 ) in the latter. (3) The argon abundance mainly distributes around 15~55 × 10 −6 (average is 27 × 10 −6 ) in the former. But it ranges around 342~394 × 10 −6 (average is 368 × 10 −6 ) in the latter. (4) The krypton abundance mainly distributes around 0 005~0 013 × 10 −6 (average is 0 008 × 10 −6 ) in the former. But it ranges around 0 042~0 056 × 10 −6 (average is 0 049 × 10 −6 ) in the latter. (5) The xenon abundance generally ranges 0 143~0 226 × 10 −8 (average is 0 174 × 10 −8 ) in the former. But it ranges around 1 081~1 402 × 10 −8 (average is 1 22 × 10 −8 ) in the latter. Generally, the helium abundance in gas fields from the Kuche Depression is relatively 1 order of magnitude slightly higher than the air value, but it is more than 2 orders of magnitude in the Akemomu gas field from the Southwestern Depression. It is obviously not consistent with air from the distribution pattern of helium (Figure 3 ), obviously higher than the air value. The neon, argon, krypton, and xenon abundances in both areas are usually 1-3 orders lower than the corresponding air values. The distribution patterns of neon, argon, krypton, and xenon show that they are generally consistent with air ( Figure 3 ). The relatively higher neon content indicates that neon in geological fluids of the gas field may be affected by air or air-saturated water before or during oil and gas reservoir forming. (Table 2) .
Isotopic Compositions and Genetic Identification of
According to the genetic identification index and charts provided by the former researchers [25, 36, 37] , the δ 13 C 2 value of natural gases in the Kela2, Dabei, Dina2, and Keshen gas fields from the Kuche Depression mainly ranges from -24.2‰ to -16.1‰ with an average of -19.6‰, which is obviously heavier than that of typical oil-typed gas in the Tazhong oil and gas field and can be considered as typical coal-formed gas (Figure 4) . The average isotopic value ethane value of (21.85‰) natural gases in the Akemomu gas field from the Southwestern Depression also shows the same characteristics of coal-formed gas as well.
4.2.2.
Helium. Helium has two stable isotopes: 3 He and 4 He. 3 He is a primordial nuclide, while 4 He is a radioactive nuclide which originated from radioactive elements [11, 38, 39] . The typical values of 3 He/ 4 He for air, mantle, and crust are 1 40 × 10 -6 , 1 1 × 10 −5 , and 2 × 10 −8 separately [12, 14, 40, 41] . The 3 He/ 4 He value of natural gases in these gas fields from the Kuche Depression is generally distributed around 3 33~11 24 × 10 −8 (0 024~0 080R a ) with an average of 6 04 × 10 −8 (0 043R a ), indicating a typical crustal genesis characteristics with crustal proportion more than 98.8% (Table 2 and Figure 5 ). It is primarily derived from the decay of crustal radioactive elements, such as uranium (U) and thorium (Th). The 3 He/ 4 He value of natural gases in the Akemomu gas field from the Southwestern Depression is chiefly distributed around 83 1~83 6 × 10 −8 (0 0596~0 0597R a ) with an average of 83 35 × 10 −8 (0 05965R a ), showing main crustal genesis characteristics with crustal proportion around 92.5%, probably accompanied by a little mantled helium addition (Table 2 and Figure 5 ).
Neon.
Neon has three stable isotopes, 20 Ne, 21 Ne, and 22 Ne, of which 20 Ne is a primordial nuclide, 21 Ne and 22 Ne are radioactive nuclides [42, 43] . The isotopic ratios of 20 Ne/ 22 Ne and 21 Ne/ 22 Ne in air usually keep stable, which are 9.800 and 0.0290 separately. The Mid Ocean Ridge Basalt (MORB) and Ocean Island Basalt (OIB) which originated from the mantle generally had an excessive primordial 20 Ne and then lead to a much higher 20 Ne/ 22 Ne value than that of air, while the radioactive elements in the crust such as uranium, thorium, oxygen, and fluorine (e.g., 18 O (n, a) 21 22 Ne value of natural gases in gas fields from the Kuche Depression that ranged 9.50~9.74 with an average of 9.64 is generally lower than that of air, indicating that neon has crustal genesis and mainly originated from radioactive elements in the crust (Figures 6 and 7) . In addition, the 20 Ne/ 22 Ne values of natural gases in gas fields from the Kuche Depression are positively correlated with 3 He/ 4 He values, indicating that 20 Ne possibly has the similar origination with 3 He and 22 Ne probably has the similar origination with 4 He (Figure 7) . The 20 Ne/ 22 Ne value in the Akemomu gas field from the Southwestern Depression is about 9.71 and 20 Ne is relatively depleted, probably showing that neon has mainly crustal genesis (Figure 6 ). On the contrary, the 20 Ne/ 22 Ne value in the Changshen and Xushen gas fields is distributed around 9.88~10.07 and 20 Ne is relatively excessive compared with air, indicating that neon has an obvious mixture of mantle-derived genesis.
Argon.
Argon generally has three stable isotopes, 36 Ar, 38 Ar, and 40 Ar, of which 36 Ar and 38 Ar are original nuclides, 40 Ar is a radioactive nuclide chiefly derived from the decay of 40 [5, 7, 20, 21] . Because of the uneven distribution of 40 K on the earth, the isotopic ratios of argon vary greatly in the crust and mantle.
The 40 Ar/ 36 Ar value of natural gases in gas fields from the Kuche Depression mainly distributes around 387~1323 (average of 659) and generally has a negative correlation with 3 He/ 4 He value, indicating that rare gas argon has typical crustal-derived genesis (Table 2 and Figure 8 ). The variation of argon isotope in the Kuche Depression is mainly caused by the uneven distribution of 40 K and possibly effected by different mixing ratios of air or air-saturated water during gas reservoir forming to some extent. In the Akemomu gas field from the Southern Depression, the 40 Ar/ 36 Ar value is relatively high and mainly distributed around 1653~1665 with an average of 1659, and the 3 He/ 4 He value is mainly distributed around 8 31~8 36 × 10 −7 with an average value of 8 34 × 10 −7 , indicating that rare gases have main crustal genesis possibly with a few mantle-derived contribution (Figure 8) . However, the isotopic ratio of 3 He/ 4 He of natural gases in the Changshen and Xushen gas fields is generally larger than that of atmospheric value and has an obvious positive relationship with 40 Ar/ 36 Ar, indicating that rare gases are of obvious mantle genesis mixing. 6 Geofluids Figure 3 : Broken line chart of helium, neon, argon, krypton, and xenon abundances in some gas fields from the Kuche and Southwestern Depressions, Tarim Basin. Xe in gas fields from the Kuche Depression as well as the Akemomu gas field from the Southwestern Depression indicate that xenon has chiefly crustal-derived genesis (Figure 9 ), while the Changshen and Xushen gas fields in the Songliao Basin have a relatively excessive 129 Xe rather than 132 Xe, showing that xenon is obviously mixed with mantle-derived genesis [23] .
Geofluids
4.3. Gas Source Correlation. Previous genetic identification of hydrocarbon gas isotopes shows that natural gases of the Kela2, Dina2, Dabei, and Keshen gas fields in the Kuche Depression are typical coal-formed gases (Figure 4) , principally generated from coal measure source rocks in the Kuche Depression. According to the correlation between methane isotope (δ 13 C 1 , ‰) of coal-formed gas and thermal evolution maturity (Ro, %) of coal measure source rocks [36, 37] , δ 13 C 1 = 14 131lg Ro − 34 39, the calculated maturity of coal-formed gases of these gas fields in the Kuche Depression is generally around 0.97%~3.68%. According to the relationship between coal-formed gas wetness (W, %) and maturity (Ro, %) (Dai et al., 2016) , Ro = −0 419lnW + 1 908, the calculated maturity of coal-formed gases of these gas fields in the Kuche Depression is about 0.96%~2.2%. From the comparison on the above calculated maturities, the former is more close to the actual thermal evolution of coal measure source rocks of Jurassic-Triassic in the Kuche Depression with maturity from mature to high mature even overmature. So, natural gases of these gas fields in the Kuche Depression generally originated from coal measure source rocks of Jurassic and Triassic with maturity from mature to high mature even overmature on conventional hydrocarbon gas source correlation.
Rare gases play a very important and useful role in identifying gas genesis and origination, enabling us to verify and deepen the understandings on conventional gas source correlation further. The average value of 3 He/ 4 He in gas fields from the Kuche Depression is about 6 04 × 10 −8 , showing typical crustal-derived characteristics, so the chronological cumulative effect of argon isotopes can be adopted on gas M a t u r i t y i n c r e a s i n g M a t u r i t y i n c r e a s i n g
Oil-typed gas Coal-formed gas Figure 4 : Genetic identification of δ 13 C 1 and δ 13 C 2 for natural gases of some gas fields from the Kuche and Southwestern Depressions, Tarim Basin (modified from [25, 36] ).
9 Geofluids source correlation in this area. Considering the carbonate source rocks having relatively old geologic age, the 40 Ar/ 36 Ar value of 387~1323 for natural gases in the Kuche Depression is obviously less than the calculated value of 2088~3686 from source rocks of Cambrian to Ordovician, so the carbonate source rocks of Cambrian to Ordovician can be excluded firstly. Coal measure source rocks of Triassic to Jurassic are greatly deposited in the Kuche Depression in the Mesozoic and Cenozoic periods. The average value of 40 Ar/ 36 Ar (659) in natural gases from the Kuche Depression mainly falls in the estimated range of gases generated from the Jurassic source rocks (571~767) and relatively deviates from the estimated range of gases generated from the Triassic source rocks (767~920). So, it can be concluded that natural gases of the Kuche Depression are probably derived from the coal measure source rocks of Jurassic and Triassic, principally from the Jurassic source rocks. According to obvious differences on 40 Ar/ 36 Ar value of natural gases that originated from different periods of source rocks, the calculated proportions of the Jurassic source rocks account for 55%-75% and the Triassic source rocks account for 25%-45%. As we know, the Jurassic source rocks are main coal measure source rocks and usually have a relatively higher gas potential, while the Triassic source rocks are main lake mudstone source rocks and generally have a relatively lower gas potential. The estimated proportion of the Jurassic and Triassic source rocks shows that the contribution of the Jurassic source rock is obviously higher than that of the Triassic source rock. The above evaluated result is generally according to the current mainstream viewpoints that the Jurassic source rock is the main source rocks for natural gases in the Kuche Depression when taking gas generation potential into account ( [27, 28, [33] [34] [35] 45] ; Li et al., 2005; [25, 46] ).
Furthermore, because of great differences on kaliumbearing minerals in mudstones and coals, the 40 Ar/ 36 Ar values of natural gases that originated from mudstones and coals have obvious differences [18, 47] . Natural gases derived from mudstones usually have relatively higher 40 Ar/ 36 Ar values while natural gases derived from coal rocks generally have relatively lower 40 Ar/ 36 Ar values. It can be used to discuss the proportional contributions of mudstones and coals in coal measure source rocks. According to the above methods, assuming that the maximum 40 Ar/ 36 Ar value of natural gases in the Kuche Depression represented the maximum end-member value for gas that originated from mudstones and the minimum 40 Ar/ 36 Ar value of experimental thermal simulation gas on coals (341) represented the minimum end-member value for gas that originated from coals, the proportional contributions of coals and mudstones on coal measure source rocks of Jurassic and Triassic in the Kuche Depression are preliminarily evaluated. The results show that the contributed proportions of coals and [25] in the Kuche Depression as the end-member values of natural gases from coals and mudstones, the evaluated contributions of coals and mudstones from coal measure source rocks of Jurassic and Triassic in the Kuche Depression are around 64% and 36%, respectively. The two methods have nearly the same results which show that the evaluated result is correct and reliable.
Natural gases from the Akemomu gas field in the Southwestern Depressions are generally typical coal-formed gases (Figure 4) . The drying coefficients of natural gas and carbon isotope ratios of methane indicate that Akemomu gas source rocks have high maturity. The natural gases in the Akemomu gas field have a relatively higher helium and argon contents and argon isotope than those of gas fields from the Kuche Depression, showings their obvious differences on gas geochemical characteristics and originations. Coal measure source rocks of Triassic to Jurassic and marine and continental transitional source rocks of Carboniferous to Permian are developed in the Southwestern Depression. The average value of 40 Ar/ 36 Ar (1659) of natural gases from the Akemomu gas field is obviously larger than the estimated value of gas generated from the source rocks of Jurassic to Triassic (571~920), and the higher argon isotope indicates that their source rock has a relatively longer accumulating time for gas accumulation, so the natural gases of the Akemomu gas field mainly originated from humic mudstones of marine and continental transitional source rocks of Carboniferous to Permian.
Conclusions
(1) Gas fields in the Kuche Depression have a higher methane abundance, accompanied with low N 2 and CO 2 abundances, but the Akemomu gas field in the Southwestern Depression has a relatively lower average methane abundance, accompanied with high average N 2 and CO 2 abundances. The helium abundance of natural gases in gas fields from the Kuche Depression general has 1 order of magnitude higher than the air value. Comparatively, it has more than 2 orders of magnitude higher than the atmospheric value in the Akemomu gas field from the Southwestern Depression. The neon, argon, krypton, and xenon abundances in both Kuche and Southwestern Depressions are generally lower than the corresponding air values.
(2) Natural gases from gas fields in the Kuche Depression and the Southwestern Depressions are generally typical coal-formed gases. The rare gases in the Kuche Depression have typical crustal genesis, mainly deriving from the radioactive decay of elements in the crust, while in the Akemomu gas field from the Ar for some gas fields from the Kuche and Southwestern Depressions, Tarim Basin (chart modified from [23] ). 12 Geofluids Southwestern Depression, the rare gases have main crustal genesis with a proportion of 92.5%, probably accompanied with a little mantled genetic contribution.
(3) Natural gases in the Kuche Depression are generally derived from coal measure source rocks of Jurassic and Triassic, which principally originated from Jurassic in strata period and coals in source rock types. The Jurassic source rocks account for 55%-75% and the Triassic source rocks account for 25%-45% approximately, while coals occupy 68% and mudstones occupy 32% separately. Natural gases from the Akemomu gas field in the Southwestern Depression mainly originated from humic mudstones of marine and continental transitional source rocks of Carboniferous to Permian.
Data Availability
The molecular and isotope composition geochemical data of natural gases used to support the findings of this study are included within the article. The experimental methods and processes are introduced in the manuscript. Some previously reported geochemical data are cited at relevant places within the text as references [15, 23] Xe-132 Xe/ 130 Xe for some gas fields from the Kuche and Southwestern Depressions, Tarim Basin (chart modified from [23] ).
